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Abstract. The effect of aerosol water uptake on the aerosoll Introduction

particle light scattering coefficient{p) is described in this

study by comparing measurements from five European sites:

the Jungfraujoch, located in the Swiss Alps at 3580 m a.s.|.Atmospheric aerosols, which are defined as liquid or solid
Ny-Alesund, located on Spitsbergen in the Arctic; Mace Particles suspended in a gaSe{nfeld and Pandis2006,
Head, a coastal site in Ireland; Cabauw, a rural site in thedre tiny and usually invisible to our eyes. Nevertheless, they
Netherlands; and Melpitz, a regional background site in Easthave an immense impact on our health and on our global cli-
ern Germany. These sites were selected according to thEate. Aerosols scatter and absorb solar radiation, and, by
aerosol type usually encountered at that location. The scatdoing so, they directly influence the Earth’s radiation bud-
tering enhancement factgi(RH, 1) is the key parameter to  9et (see, e.gTrenberth et a).2009 Schwartz 1996 Charl-
describe the effect of water uptake on the particle light scat-S0n et al. 1991). In addition, anthropogenic aerosol particles
tering. Itis defined as thes,(RH) at a certain relative humid- modify cloud properties, causing, e.g., brighter clouds with
ity (RH) and wavelength. divided by its dry value.f(RH) longer lifetimes and changed precipitation behavior (see,
at the five sites varied widely, starting at very low values €-9- Lohmann and Leck2005 Ramaswamy et al2001,

of f(RH=285%,x=550nm) around 1.28 for mineral dust, Twomey, 1977). The net effect of anthropogenic aerosols
and reaching up to 3.41 for Arctic aerosol. Hysteresis be-On the Earth’s climate is cooling, in contrast to greenhouse
havior was observed at all sites except at the Jungfraujocl§ases, which have a warming effect. However, the Intergov-
(due to the absence of sea salt). Closure studies and Mignmental Panel on Climate Chan¢e@C, 2007) concludes
simulations showed that both size and chemical composithat the high uncertainty in the net radiative forcing of all
tion determine the magnitude ¢{RH). Both parameters are main climate agents is mainly dominated by the large uncer-
also needed to successfully predf¢RH). Finally, the mea- tainty in the aerosol radiative forcing. This is mainly caused
surement results were compared to the widely used aerosél the high temporal, spatial, and compositional variabil-
model, OPAC Kess et al.1999. Significant discrepancies ity of the aerosol and the poorly understood and quantified
were seen, especially at intermediate RH ranges; these weRerosol effects.

mainly attributed to inappropriate implementation of hygro- ~ Since aerosol particles can take up water, they can change
scopic growth in the OPAC model. Replacement of the hy_in size and chemical composition depending on the ambi-
groscopic growth with values from the recent literature re-entrelative humidity (RH). Therefore, long-term in situ mea-

sulted in a clear improvement of the OPAC model. surements of aerosol optical and microphysical properties are
usually performed at standardized dry conditions to avoid

the RH effect when quantifying and characterizing the main
aerosol propertiesW}MO/GAW, 2003. This is especially
important for the aerosol particle light scattering coefficient
osp(RH, 1) which strongly depends on RH. (denotes the
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10610 P. Zieger et al.: Effects of relative humidity on aerosol light scattering

wavelength). These values measured at dry conditions difthe results of the measurements and on comprehensive clo-
fer significantly from the ambient and thus climate relevant sure studies (Sect6.2 and6.3) are given at the end of this
ones. Knowledge of this RH effect is therefore of crucial im- study (Sect?).

portance for climate forcing calculations (see, élgywood

and Shine1995 Pilinis et al, 1995. In addition, it is also ) o

needed for the comparison or validation of remote sensing® Site description

with in situ measurements (see, &Zgger etal 2012 2011, A short description of the sites is given in this section and the

Morgan et al. 201Q Voss et aLgOOl Fgrrare et a).1998. reader is referred to the cited publications for more detailed
The key parameter to describe the influence of RH on the .
: o . information.

aerosol light scattering is the scattering enhancement factor

F(RH, 2): 2.1 Jungfraujoch

osp(RH, A) _ ) _ ) )

oop(RHary, 1) (1) Air masses at the high Alpine site Jungfraujoch (JFJ), located
in the Swiss Alps (46.59\, 7.98 E, 3580 mas.l.), were

whereosp(RH, A) is the scattering coefficient at a defined RH sampled in May 2008. These were mainly free tropospheric

and wavelength andosp(RHary, A) is the corresponding dry  air masses, interspersed by transport events from the Euro-

scattering coefficientf (RH, 1) will increase with increasing  pean atmospheric boundary layétefine et al.2010, and

RH and will usually be> 1, if the particles do not experi- occasionally even by long-range transported Saharan dust

ence significant restructuring when taking up watein-  (Collaud Coen et al.2004. Henne et al(2010 character-

gartner et al.1995. f(RH, 1) depends on the size and on jzed the JFJ site as beimgainly remote The JFJ is a moni-

the chemical composition of the particle, because both oforing site of the Global Atmosphere Watch (GAW) program

these parameters determine the particle’s scattering propepy the World Meteorological Organization, and is part of the

ties and its ability to take up water. In the followin§i(RH)  Aerosols, Clouds, and Trace gases Research InfraStructure

is discussed for the wavelength=500nm as an example; network (ACTRIS), the European Monitoring and Evalua-

the explicit reference is omitted from now on for reasons oftion Programme (EMEP) and the Swiss National Air Pollu-

simplicity, since only a small wavelength dependency wastion Monitoring Network (NABEL). The results of the 2008
observed at the five sites for the standard nephelometer wavestudy are described in detail #Rierz-Schmidhauser et al.

lengths (f(RH =85 %) varied< 5% for three wavelengths: (20103.
450, 550, and 700 nm).

Several studies have measured and modgléeH) for 2.2 Ny-Alesund
different aerosol types. Marine aerosols generally showed
a h|gherf(RH) and decreased with h|gher anthropogenic From July to October 2008, typical Arctic aerosol was mea-
influence (see, e.@ieger et al. 201Q Fierz-Schmidhauser sured at the Zeppelin station in Ny-Alesund (NYA), located
et al, 2010h Wang et al. 2007 Carrico et al. 2003 200q ~ on the island of Spitsbergen (78792, 11.94 E). The pe-
1998 Gasso et a).200Q Mclnnes et al. 1999. Urban  riod of the study was characterized by very low particle con-
aerosols (see, e.qieger et al, 2011, Yan et al, 2009 centrations, and by distinct sea salt transport events reaching
Mclnnes et al. 1998 Fitzgerakj et al1983, or continen- the station (WhICh is located at an altitude of 475913
tal aerosol particles (see, e.gieger et al, 2013 2012 Very clean conditions dominated here, since no local sources
Fierz-Schmidhauser et a2010¢ Sheridan et a]2001) typ- or long-range transport phenomena of pollutants (known as
ically show intermediate values, while mineral dust domi- Arctic haze) were observed during this time of the year. NYA
nated aerosols and pure biomass burning aerosols are chardg-also a GAW site and participates in the EMEP program.
terized by low values of (RH) (see, e.gZieger etal, 2012 ~ The results are presented4ieger et al(2010.
Fierz-Schmidhauser et @22010a Kotchenruther and Hobbs
1998 Li-Jones et al.1998. 2.3 Mace Head

In this study, we present a comprehensive overview of

the scattering enhancement measured at five European Sit‘a@IHD) station in Ireland (53.33N, 9.9F W, 5 mas.|.) were

with a humidified nephelometeF(erz-Schmidhauser etal. measured; these air massés w,er.e maiﬁly mar.ir.1e however
2010 see SecB.1) during the years 2008 a_nql 2009; we aIS(.) there were occasional non-marine and polluted air masses.
present other aerosol measurements providing additional in, he station is located on the west coast of Ireland close to the
formation. The sites were selected according to the aerosql, - tihe oceamlenne et al(2010 categorized the MHD
type typically encountered at the sites, ranging from anthro- 9

ogenically influenced urban or continental aerosol, to clea site asgenerally remotewith a low population influence.
pogel y . e ! "MHD is a GAW site, and joined the ACTRIS and EMEP pro-
maritime and Arctic aerosol. The results of the different stud- . : e S
ies are compared to each other (S€ct) and to a widely grams as well. A detailed analysis of this field campaign is
given inFierz-Schmidhauser et §20108.

used aerosol model (Seét4). Recommendations based on

F(RH,A) =

In January and February 2009, air masses at the Mace Head
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@ 3 Experimental

Aepneemest 3.1 Particle light scattering measurements at elevated

lled RH ~20 - 959 i idi
controlled 0-95% relative hum|d|w

The particle light scattering coefficient at elevated RH was

o dry (RH <30%) measured with a humidified nephelometer (WetNeph), which
Humidifer o S was developed at the Paul Scherrer Institute (PSI). The Wet-
Dryer " x| Neph is described in detail ifrierz-Schmidhauser et al.
hydration il dehydration (20109 and only a brief description will be given here. The

aerosol is directed from the inlet to a humidification system,
where the particles are exposed to high RH between 30 %
and 90%. Following this, the particles are dried again to
low RH (usually to RH~ 50%) in a Nafion dryer. The par-
ticle scattering coefficients are then measured in a modified
0 ] e (voure 2 3 nephelometer (TSI Inc., Model 3563) at three wavelengths
(A =450, 550 and 700 nm). A schematic diagram showing
Fig. 1. (a) Block diagram of the WetNeph setup consisting of a the WetNeph set-up is shown in Fitga. The WetNeph can
humidifier, a dryer, and a modified nephelometer. A second nephbe operated in a constant elevated RH mode (usually at
elometer was always operated in parallel as a reference instrumenRH = 85 % inside the nephelometer cell) or in the humido-
(b) Schematic time profile of the relative humidity inside the humid- graph mode. In the latter, the aerosol stream is first exposed
ified nephelome_ter. The performgnce of the humidifigr and dryer iStg an increasing RH in the humidifier with the dryer being
Ehc;wn sachematlcallz a_k:johve the dlagéam. More technical details can red off (hydration) until a high RH has been reached in-
e found inFierz-Schmidhauser et 420109. side the nephelometer (usually R¥HB5 % depending on the
flow and surrounding temperature conditions). The aerosol
2.4 Melpitz can then be dried back to low RH by keeping the humidi-
fier at maximum RH and the dryer turned on (dehydration).
Field measurements were performed at the central Eurolhe humidograph mode and the timeline of the RH inside the
pean research station Me|pitz (MEL) in Germany (513 humidified nephelometer is shown schematically in E@
12.92 E, 86 mas.l.), in January and February 2009. MEL is With this set-up, both branches of the aerosol's hysteresis
a rural site surrounded by fields, forests and small villagescurve can be characterized. It should be mentioned that the
The nearest large city is Leipzig, locateds0 km southwest ~ deliquescence RH observed in the humidograms is not iden-
of the site. Mainly anthropogenically influenced air massestical to the thermodynamically deliquescence RH; this is be-
with few transported sea salt events were observed. MEL igause the particles have experienced the highest RH within
an observation site within EMEP, GAW, ACTRIS and GUAN the humidifier, while the RH slightly decreases until the light

RH inside
nephelometer [%]

(German Ultrafine Aerosol NetworlBirmili et al., 2009. scattering is measured in the nephelometer. The efflorescence
A detailed description of the intensive campaign is given in (during the dehydration mode) cannot be observed with the
Zieger et al(2013. WetNeph due to the limitations of the dryer, which was usu-
ally only operated at a minimum of 50 % RH. A reference
2.5 Cabauw nephelometer (TSI Inc., Model 3563) was always operated

in parallel at dry conditions (DryNeph). To retrieve the full
The Cabauw site (CAB) is located in the Netherlands inhemispheric scattering coefficients and to correct for the non-
a rural area between the cities of Utrecht and Rotterdamdeal light source, the recorded nephelometer data has to be
(51.97 N, 4.93 E). It is therefore influenced by transported corrected, e.g., by using the proposed schemaryerson
pollution from the European continent, by local sources, andet al. (1996. This correction scheme is based on the mea-
by the marine environmentenne et al(2010 character-  sured Angstrém exponent. The increasing uncertainties for
ized the CAB site as one impacted by relatively large pol-coarse mode dominated aerosol can be reduced if the mea-
lution burdens that may strongly depend on wind direction.sured size distribution (ideally as a function of RH) is taken
CAB participates in the ACTRIS and EMEP programs. Dur- into account; this has not been done in this study due to
ing the measurement period between June and October 200fhe predominance of fine mode aerosol. Besides the routine
the aerosol at CAB showed high variability in composition. nephelometer calibration with standard gas, knowledge of
This work is described iZieger et al(2011). the precise RH inside the nephelometer cell is of crucial im-
portance. This is established by an additional dew point mir-
ror within the system and regular calibrations of the differ-
ent RH sensors using standard salt solutions. The WetNeph
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Table 1. Overview of the instrumentation used at the investigated sites.

Jungfraujoch Ny-Alesund Mace Heafl Melpitzd Cabauvf

Parameter Employed instrument JFJ NYA MHD MEL CAB

Particle light scattering coefficient ~ Humidified nephelometer X X X X X

(WetNeph)
Nephelometer (DryNeph) X X X X X

Particle light absorption coefficient ~ Aethalometer X X X - fx

Multi-angle absorption X - - X X
photometer (MAAP)

Particle number size distribution Scanning mobility particle X X X - X

sizer (SMPS)

Dual mobility particle size - - - X -
spectrometer (DMPSS)

Optical particle size X X X X -
spectrometer (OPSS)

Aerodynamic particle sizer - - - - X
(APS)

Hygroscopic growth factor Hygroscopic tandem xf - X Xt xf

differential mobility analyzer
(H-TDMA)
Chemical composition Aerosol mass spectrometer X - - X -
(AMS)
Filter measurements - X - X -

Location Switzerland Spitsbergen Ireland Germany The Netherlands
4655 N,7.98% E 78.92N,11.92E 53.33N,9.9°W 5153N,12.92E 51.97N,4.93E
3580ma.s.l. 475ma.s.l. 5ma.s.l. 86ma.s.l. Ima.s.l.

Time period (days) May 2008 (31) Jul-Oct 2008 (91)  Jan—Feb 2009 (28) Feb—Mar 2009 (36) Jun-Oct 2009 (120)

2 Fierz-Schmidhauser et §20103, b Zieger et al(2010), © Fierz-Schmidhauser et 20108, d Zieger et al(2013, © Zieger et al(2011), f Data only partly available.

system has additionally been validated using monodisperse The particle light absorption coefficient was measured us-
salt measurements of ammonium sulfate and sodium chloing either a multi-wavelength aethalometer (Magee Scien-
ride and by applying Mie theoryrerz-Schmidhauser et al. tific, Model AE-31) or a single-wavelength multi-angle ab-
20109. sorption photometer (MAAP; Thermo Scientific Inc., Model
Two main factors contribute to the uncertainty of the mea-5012). The MAAP measures the light attenuation and light
sured f(RH): the uncertainty of the particle scattering co- scattered back from aerosol particles that have been de-
efficient measured by the two nephelometers (approx. 10 %posited on a filter. A radiative transfer scheme is applied
Anderson et a).1996 and the uncertainty of the RH inside to retrieve the fraction of light absorbed by the deposited
the humidified nephelometer (1.5-2 percent points in RH,aerosol (with a 12 % rel. uncertainBetzold and Schonlin-
seeFierz-Schmidhauser et 220109. The uncertainty of the  ner, 2004. The aerosol absorption coefficieny, is obtained
RH sensor can be included to the toflRH) uncertainty by multiplying the measured black carbon (BC) mass con-
at a given RH if an empirical course g¢gf(RH) is assumed centration with the instrumental set value of the mass absorp-
(see e.g. Eq. 8 iZieger et al.2010. The resulting relative  tion cross section (6.6 ~1). The aethalometer measures
uncertainty then increases with the increasing hygroscopicthe light attenuation by the aerosol particles (also deposited
ity and increasing RH (and vice versa). At RHB5 %, the  on a filter) at 7 wavelengths. The aerosol absorption coeffi-
relative error inf(RH) due to the RH sensor error is smaller cients were derived by a formula given Byeingartner et al.
than 14 % for very hygroscopic aerosols like sea salt. Both(2003 and corrected for site-specific filter effects using val-
main error sources propagate to a total relative uncertaintyes given byCollaud Coen et a(2010.
for f(RH =85 %) smaller than 20 %. The particle number size distribution of the fine mode
particles (diameteD < 1 um) was either characterized us-
ing a scanning mobility particle sizer (SMPS) or a dual mo-
bility particle size spectrometer (DMPSS), while the coarse
mode particles © > 1 um) were measured using either an
A large variety of further aerosol parameters was measure@erodynamic particle sizer (APS) or an optical particle size
in parallel during all field campaigns. The data was needed t&pectrometer (OPSS). The SMPS (at CAB: TSI Inc., Model
describe the physical and chemical properties responsible foo34 (modified); at JFJ, NYA, MHD: custom build instru-
the encountered scattering enhancement, to search for oth@ient, see references in Tallpand DMPSS (custom build
proxies to predictf(RH), and for relevant closure studies. instrument;Birmili et al., 2009 measure an electrical mo-
Table1 gives an overview of the instrumentation employed pjlity diameter between 10 and approximately 800 nm. For
at the different sites. Here, only a brief description will be hoth instrument types, the particles are charged and then size

given. More details can be found in the individual publica— selected by a differential mob|||ty ana|yzer (DMA) before
tions and in the the references therein.

3.2 Additional aerosol measurements

Atmos. Chem. Phys., 13, 10609:0631 2013 www.atmos-chem-phys.net/13/10609/2013/
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they are counted by condensation particle counter (CPC)chemical composition of non-refractory particles with diam-
The DMPSS at MEL consists of two DMA that measure eters smaller than 1 um (vacuum aerodynamic particle di-
an extended size range, starting from 4 nm. A correction forameter). The aerosol is introduced into the instrument via
multiple charged particles has to be applied for all measurean aerodynamic lens which focuses the aerosol into a tight
ments of DMPSS and SMPS. These uncertainties for the findbeam. The particle beam impacts a heated tungsten plate,
mode particles measured by the SMPS or DMPSS lie withinwhere the components are flash vaporized. The resulting gas
the findings ofWiedensohler et a(2012 and are clearly be- plume is ionized and the mass spectrum is being recorded
low 10 % for particles between 20—-200 nm, while the uncer-using a high mass resolution spectrometer. Because soot,
tainties can increase up to 30 % for particte00 nm. The  crustal material and sea-salts cannot be detected, the AMS
APS (TSI Inc., 3321) measures the particle number size disis commonly considered to provide non-refractory Fdar-
tribution with an aerodynamic particle diameter between ap-ticulate matter with a particle diameterl um) aerosol parti-
prox. 0.5 and 20 um. It uses a time-of-flight method by usingcle chemical composition. Only mass fractions were used in
two laser beams to measure the time and to count the partieur data analysis, which avoids systematic error (e.g., due to
cles. The measured distributions have to be corrected for northe collection efficiency of the AMS). The relative ionization
sphericity and the density of the ambient aeros8thishall  efficiency would result in an error of the mass ratios of ap-
et al, 1991, since the APS is calibrated with standardized proximately 10 %. The AMS has been characterized in detail,
spherical polystyrene latex particles. The counting and sizinge.g. byDeCarlo et al(2006 or Canagaratna et g2007).
uncertainty of the APS for particles with diameterd um is At MEL and NYA, aerosol particles were also collected on
below 10% (5-8 % as e.g. reported Bytaud et a).2000), daily PM;g high volume filter samples. The results were only
but the counting uncertainty may significantly increase for needed to identify sea salt transport events to the station.
smaller particles. The OPSS (Grimm GmbH, Dust Monitor  Part of these in situ measured parameters, together with
1.108) measures an optical diameter between 0.3 and 25 pmsy(RH), were used to retrieve the particle light extinction
The instrument uses the light intensity that is scattered by theoefficient at ambient RH, which was either compared to re-
particles from the light emitted by a laser diode. The countingmote sensing measurements of lidar instruments (light de-
efficiency of the OPSS is believed to be between 90-100 %ection and ranging; seéieger et al. 2011 2012 or to the
(Heim et al, 2008. The optical particle diameter, however, retrieval of MAX-DOAS measurements (multi-axis differen-
depends on the refractive index of the particles, which has tdial optical absorption spectroscopy; séeger et al.2011).
be corrected for (see e.Bukowiecki et al, 201J), as itis A good agreement between LIDAR and in situ measurements
important, especially for the surface, volume, and mass dewas found, giving further confidence to our findings.
termination. Here, we assume an uncertainty of 20 % in the
OPSS patrticle sizing (see Appendix for more details).

The hygroscopic growth factor, defined as the ratio of the
:oartlcle diameter at high RH t9 its er value (see E2) kfe- The scattering enhancement can be modeled using Mie the-
ow), was added to the analysis using measurements of a hy-

groscopic tandem differential mobility analyzer (H-TDMA; 2{3’ d(MvIerelgso?\érlitcgaioarﬁzug]r?:ofgata:]hdeirf)tzrrtrgﬁ S c;': ec>)<l:(;r-
see e.gLiu et al, 1978. The aerosol sample is first dried y b ' 9 ' y

in the H-TDMA and is then charged by a bipolar charger. ?ﬁgﬂ?'gg\%;hzgﬂge gﬁ?:nua?ﬁg:ﬁ;femlz ng%%eg ?r%sggrr:fmer
A dry size class of particles with the diameter Dfyry is P B )

then selected by a DMA, before the particles are expose(?lex refractive index and the particle number size distribution

to controlled RH (90 %) and temperature. The wet particlesare required |np-uts. . . .
. The change in particle diameter due to water uptake is

are sized by the second DMA and are subsequently countegsuaIIy described with the hygroscopic growth facttRH)

by a CPC. A humidified size distribution for a certaliRyy hich is defined as ’

is then obtained. The hygroscopic growth factors were in-""C

verted from the humidified distributions using the procedure Dyet(RH)

described byGysel et al.(2009. All instruments were set & (RH) = Try’ @

to measure the hygroscopic growth factorsiefy = 35, 50,

75, 110, 165 and 265 nm (265 nm was not measured at CABwhere Dqy is the dry particle diameter anDye(RH) the

at MHD only 165 nm was used as dry diameter). The growthdiameter at a specific RH. The hygroscopic growth as a

factors in these studies were determined withth05, which ~ function of RH is physically described by the Kohler the-

is typical for a well-maintained TDMA systenSyietlicki ory (Kohler, 1936. The RH dependence of E®)(can be

et al, 2008. All H-TDMA instruments were custom-built, parameterized using a one-parameter relationship which has

and more technical details can be found in the referencebeen introduced, e.g., lBetters and Kreidenwe{2007):

given in Tablel. L
The Aerodyne high resolution time-of-flight aerosol mass ay \3

spectrometer (AMS: Aerodyne Research) measured thé(@w)= <1+" ) ’

4 Modeling f(RH)

®3)

—aw

www.atmos-chem-phys.net/13/10609/2013/ Atmos. Chem. Phys., 13, 1060831 2013
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whereay, is the water activity, which can be replaced by 20

RH, if the Kelvin effect can be neglected. This simplifica- NaCl

tion is justified in our study, because the Kelvin term within H,89,

the Kdhler equation is small for large particld3 & 80 nm), 15} Na,SO,

which are important for light scattering at the wavelengths £ NaNO,

used here. The parameterin Eq. @) captures all solute & NH,HSO,

properties of the particles (Raoult effect) and is a simple mea- 5 ;| NH,NO,

sure of the particle’s hygroscopicity, when spherical particles 3 (NH,),S0,

with individual homogeneous composition are assumed. % — Organics (JFJ)
The change of the size distribution and the refractive index = 5 \

with changing RH (needed for the Mie calculations) can be

calculated with the following procedure: the increase of the

particle diameter is determined by multiplying the dry di-  +----------—--—-—--—--—-—-—-—=

ameterDgry by the (dry) size dependent hygroscopic growth 39101 162 10°

factorg(RH, Ddry)- Dry diameter Dp [nm]

Dwet(RH) = g(RH, Ddry) Ddry (4) Fig. 2. The scattering enhancemerffRH) at RH=85% and

. . . A=589nm vs. dry particle diameter calculated for different in-
The particle number size distribution is then calculated aSyrganic salts (see legend) and for organics (typically found at

follows: the Jungfraujoch, JFJ). A monomodal size distribution is assumed
~ (o0 =1.8). The hygroscopic growth factors were taken ffiopping
dN (Dwet) _ dN (Ddry) Dwet dDdfy‘ (5) et al. (2005; Sjogren et al(2008, and the refractive indices were
wet dry Ddry ADwet taken fromSeinfeld and Pan andNessler et a .
dlogD dlogDgry Dgry dD ken fromSeinfeld and Pandik00 dNessl I(2005

The change of the dry refractive index is calculated by ap-
plying a volume weighting of the dry refractive indexiry  with a mode diameter of 100 nm will scatter at 85 % RH ap-
with the refractive index of watery,0 (Hale and Querry  proximately eight times more than in dry conditions. Figaire
1973: also shows the possibility of compensating effects between
M+ mrno(g(RH) — 1) size and chemical composition: a small, less hygroscop|c
ry 2 3 . (6) particle (e.g., NHHSQ4) can have the same magnitude of
g(RH) f(RH) as a large, more hygroscopic particle (e.g. NaCl). The
rather large values of (RH) at small diameters in Fig2

For high growth factors and high values of RH, the refrac- ) X
tive index of the aerosol droplet approaches that of Water.have been reproduced with monodisperse salt measurements

Although several other mixing rules for the refractive index In Fierz-Schmidhauser et 420109, Wher_e they ha\{e been
exist, the volume weighted average was foundNessler used to assure the measurement quality of our instrument
et al. (2005 to be the most suitable one, since the differ- (€€ SeCB.1).

ences between the different methods are very small, and the

volume weighting formula is the simplest one to usget

and%ﬂ% are then the input parameters for the Mie code
to calculate the aerosol optical parameters at a specific RDne goal of our work was to calculate and predict the scat-
and wavelength. tering enhancement using auxiliary measurements, like size
Figure2 showsf (RH, » = 589 nm) as an example for dif-  distribution, hygroscopic growth, and chemical composition
ferent inorganic salts and for a typical organic substance aand applying Mie calculations. The first task was to check for
a fixed RH of 85 %. A monomodal lognormal size distribu- consistency within the in situ measurements performing so-
tion with a standard deviation of 1.8 was assumed. The re<alled closure studies. A closure is achieved if an appropriate
fractive indices were taken fro®einfeld and Pandi®006 model (here a model based on Mie theory, see Skatan
andNessler et al(20053, and the hygroscopic growth fac- be used to reproduce the observation of interest by applying
tors were taken frorfiopping et al(2005 andSjogren et al.  a different set of observational data. If the reproduced values
(2008. It can be seen that both size and chemical compo<including the model uncertainty) lie within the measurement
sition matter when determining the scattering enhancementincertainty, the closure can be considered achieved.
The chemical composition is important for the refractive in-  In a next step, sensitivity studies were performed to search
dex, and even more important for the actual hygroscopicfor independently measured parameters that can be used to
growth of the particle. Sodium chloride is one of the most predict f (RH). If the auxiliary aerosol measurements are op-
hygroscopic salts and therefore shows the largest values afrated on a continuous basis, e.g., within a monitoring pro-
f(RH), e.g. a lognormal distribution of pure NaCl particle gram, they can possibly be used to predi¢RH) without

Myet =

5 Closure studies
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Table 2. Mean, standard deviation (STD), and percentile valueg(&H = 85 %, 550 nm) for the Jungfraujoch (JFJ), Ny-Alesund (NYA),
Mace Head (MHD), Melpitz (MEL), and Cabauw (CAB). Average values are also given for different air mass types, if a differentiation of
specific air masses was possible during the individual measurement periods.

Station: Type Mean STD 75thprctl.  Median 25th prctl.
JFJ: All 230 0.33 2.52 2.34 2.12
JFJ: Free tropospheric/PBL influenced 2.32  0.31 2.53 2.35 2.13
JFJ: Saharan dust influenced 1.28 0.10 1.35 1.27 1.20
NYA: All 3.24 0.63 3.63 3.12 2.79
NYA: Sea salt 2.86 041 3.05 2.81 2.56
NYA: Arctic (no sea salt) 341 0.66 3.71 3.28 3.05
MHD: All 2.08 0.29 2.30 2.11 1.87
MHD: Clean sector (sea salt) 228 0.19 2.37 2.29 2.17
MHD: Polluted sector 1.80 0.26 1.96 1.82 1.66
MEL: All 277 037 3.02 2.78 2.56
CAB: All 2.38 0.38 2.63 2.34 2.14
CAB: Maritime 3.38 031 3.60 3.38 3.16
CAB: Continental south 1.86 0.17 2.02 1.86 1.76
CAB: Maritime, heavily polluted 195 0.14 2.04 2.00 1.82
CAB: Maritime, slightly polluted 297 0.20 3.11 2.96 2.81
CAB: Continental east 225 0.16 2.37 2.26 2.13

explicit RH-dependent optical measurements using, e.g., &alculation using the measured size distribution, the optical
humidified nephelometer. Unfortunately, the available suitemeasurements, and an assumption about the refractive in-
of aerosol instruments was not identical within the five field dex (seezieger et al. 201Q for more details). At MHD, all
campaigns. An overview of the main measurements, the infelevant aerosol measurements except for chemical measure-
strument abbreviations, and campaign time frames can benents were available during the observation period. During
found in Tablel. The optical parameters (scattering coef- the entire two months’ campaign, MEL provided filter mea-
ficient at defined RH and at dry conditions, as well as thesurements and detailed chemical composition measurements
absorption coefficient) were almost completely measured atvith an AMS. The hygroscopic growth measurements using
all sites, while the applied aerosol in situ techniques var-the H-TDMA were only partly available. At CAB, no chemi-
ied from site to site. At JFJ, a comprehensive set of instru-cal measurements at all were available during the observation
ments were operated. In particular, the bulk aerosol chemicaperiod, but a H-TDMA was partly deployed. For the closure
composition was determined with an AMS. The AMS mea- studies, the SMPS or DMPSS is probably the most impor-
surements were used together with aethalometer measuréant instrument since it measures the particle number con-
ments to calculate (a) the hygroscopic growth factor (in addi-centration in the optically relevant size range usually up to
tion to the direct measurement of the H-TDMA) and (b) the ~550-800 nm with a high precision. It was in operation at
complex refractive index, which is needed as an input pa-all five sites (unfortunately only for two weeks within the
rameter for the Mie calculations. The complex refractive in- four month’s campaign at CAB).

dices (at. = 550 nm) used were 1.48 for organics, 1.556 for

NH4NO3, 1.530 for (NH)2SO4, 1.473 for NHIHS Oy, 1.434

for HoSQy, and 1.75+0.44for BC (for the specific refer- 6 Results

ences and details sééerz-Schmidhauser et a2010g. The

imaginary part was omitted for all components except for6.1 Comparison of the different measurement sites

BC. The mean hygroscopic growth factor is calculated from )

the growth factors, densities and volume fractions of the in-1he measured scattering enhancement fat(&H) showed
dividual components using the ZSR relationstgpokes and |n_d|V|duaI characteristics 5|gn|f|cant for each of the five sites.
Robinson 1966. At NYA, the chemical composition was Figure 3 shows FLEXTRA trajectoriesStohl et al, 1995

only partly determined by filter measurements (which wereStohl and Seibert1999 for each site color-coded by the
limited to inorganic substances). The hygroscopic growth/(RH=285%) value measured at the time of the air parcel

factor was also not measured directly using, e.g., a H-TDMA;arriving at the site. Only periods with available WetNeph
instead it was retrieved by Mie theory through an inverseMeasurements are shown. The mean, standard deviation, and

percentile values of (RH = 85 %) are given in Tabl&.
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Fig. 3. 72 h air mass back trajectories (FLEXTRA) color-coded by fiieH = 85 %, 550 nm) measured at the time the air parcel arrived at
the site.

For JFJ, Fig3reveals that the air masses mainly originated the sea (mearf(RH= 85 %)= 2.28), while the air masses
from central Europe but also had their origin in the north from the polluted eastern sector, which had contact with the
African regions. These air masses transported mineral dusirban areas of Ireland and the UK, were characterized by
particles up to JFJ in what if often called a Saharan dust evensmaller values (meafi(RH = 85 %)= 1.8). The maritime air
(SDE). Since mineral dust shows low hygroscopic growth, itsmasses with dominating sea salt were also seen in the hys-
f(RH=85%) values are low compared to those of other airteresis behavior of the recorded humidograms.
masses. MEL showed generally larger values g¢gf(RH) (mean

At CAB, air masses with lowf(RH =85 %) values mainly  f(RH=285%)=2.77), with air masses originating mainly
originated in industrialized areas of, e.g. the Ruhr areafrom the western and northwestern part of Europe. No dis-
Northern France, Southern Britain, the Netherlands, and Beltinct sectors could be identified during the observation pe-
gium. f(RH=85%) was elevated at CAB when the air riod in winter 2009. Sea salt with coincident hysteresis in the
masses originated from the Atlantic Ocean or the Northerrhumidograms was observed at MEL.

Sea and contained hygroscopic sea salt. However, only afew As an extreme, the NYA site showed the largest
clear sea salt events were observed at CAB, showing hysteref(RH = 85 %) (which could range up to values of 6.6) com-
sis behavior as one would expect from, e.g., relatively purepared to the other sites. The main source areas at NYA were
inorganic salts like NaCl. the open oceans and ice shields of the Arctic, which brought

The clean and polluted sectors can be identified at MHD:pure sea salt in addition to fine mode-dominated secondary

f(RH) was generally higher when air masses arrived fromaerosol to the site. No clear long-range transport of pollution

Atmos. Chem. Phys., 13, 10609:0631 2013 www.atmos-chem-phys.net/13/10609/2013/
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Fig. 4. Probability density function (PDF) of measured scattering 3 ﬁz?;tuz‘{vbiﬁgﬂgi?;?:”zﬁt
enhancemenf (RH =85 %, 550 nm) at the different sites (see leg- % 3r '
end). =

to the measurement site was observed during summer and fall
2008. The mean values for non-sea salt influenced periods (c)

were higher (meary (RH= 85 %)= 3.41) than the sea salt °r Mace ‘Head: ,50||utea Sector‘
influenced periods (meayi(RH= 85 %)= 2.86). This was 5| —— Melpitz: Polluted
attributed to compensation effects of size and hygroscopic- . | —— Cabauw: Continental south
ity: smaller and less hygroscopic particles can have similar g 4t

(or even larger) values gf(RH) than larger and more hygro- 9

scopic particles (see Fig). E 3r

The f(RH=85%)-values measured at all five sites are
shown as probability density functions (PDF) in Fig.The 2y
two-sector discrimination of MHD can be clearly seen (area ] M
below the first two shoulders of the PDF is representative for 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0
air masses from the polluted sector, the area below the max- RH [%]
ima at approx/ (RH =85 %, 550 nm}= 2.1 is mainly caused
by values originating from the clean sector). JFJ, MEL andFig. 5. Example humidograms of (RH) at A = 550 nm from the
MHD show similar values of (RH= 85 %), while MEL and different sites with respect to different air masss: maritime,
especially NYA are characterized by generally larger values(b) continental and background, a(g) pollution influenced.
The larger values at NYA can be explained by the absence of
anthropogenic influence and by the size and hygroscopicity ]
of the particles. 6.2 Closure studies

Example humidograms gf(RH) measured at the five sites
are depicted in Fig5. They are sorted according to their . . . -
origin: maritime, continental/background and pollution influ- V'd“_?' characteristics due to the S|te-sp_eC|f|c aya|labll|ty of
enced. These average humidograms show the high variabilit .uxmary aerosol measurements and Q|ﬁerent Instrumenta-
in curve shape, hysteresis behavior and magnitude. The pa lons (see Tabld). The optical properties were calculated

ticles’ deliquescence is seen for the unperturbed sea salt pé'—smg Mie theory (see Seet). Figure6 shows the ratios of

riods (Fig.5a), in a separation of certain curves (e.g. MHD: the predicted to the measured values'@RH) as probability

green curve and CAB: blue curve) or in a steep increase 'aglensity functions for the five sites. An optical closure with

RH~70% (for NYA: red curve), while the efflorescence rgspect to the intensive paramefdRH) was achieved at all

cannot be observed due to the limitations of the dryer (seéIVe sites (on average better than 10%, see details below),

above). The individual humidograms are separately showf9aIN Increasing confidence n the performed In situ mea-
again in Sect6.4 (Figs. 8 and 9) with a comparison with surements. It should be mentioned that the optical closure
model data ' ' with respect to the dry and wet scattering coefficients (the

extensive variables) was a prerequisite for the calculation of
f(RH), and was achieved at all sites as well (see individual

As mentioned in Secs, all closure studies had their indi-
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10618 P. Zieger et al.: Effects of relative humidity on aerosol light scattering

a b c
@ JFJ (®) NYA () MHD
8 T 4 T T T 4 T
94-ToMA ‘ ‘ 9=1.94 (max) 9o Al ‘
—9 I ] I g=1.33 (min) | g cleansector
7 S?resdist. const 35 | 9=1.6 (mean) 3.5 gHiTDMA pollutéd sector
Chem. const | | 9WVopc Vi) H-TOMA |
6 Size & chem. génst 4 3 3
Nessler pred. ‘ ‘
| |
5 25 | 25 |
s s | = ‘
a 4 a 2 [ a 2 I\
| | |
3 1A 1.5 I 1.5 I
Al | |
2 /‘\ \ 1 1 [ 1 1 [
il | |
1 j} \« 05 ! 05 !
| | |
0 . | NN 0 . | . . 0 i | A .
0.33 0.5 0.66 1 165 2 3 0.33 0.5 0.66 1 156 2 3 0.33 0.5 0.66 1 16 2 3
f(RH=85%) _ /f(RH=85%) f(RH=85%) _ /f(RH=85%) f(RH=85%) _ /f(RH=85%)
pred. meas. pred. meas. pred. meas.
d e
@) CAB (©) MEL
6 , — 6 i
9-Toma ! mean g,s & r#]AMS
g(VAPs/Vm'VBcW m‘) — Yams’ Mams
5 =148 (m ﬂ 1 5 Yirroma’ Mamvs
I Ipms' Maws’ siie distr. const
I Ipms’ Mavs’ CM Nacl
4 I 1 4 Ipus' Mavs’ CM dust
I |
LOL I '-D'- |
a3 | a3 \
I
|
2 ] 2 Il
I [ \
[ i1
1 | L | \
\ N
0 \ - 0 ] Noos, |
0.33 0.5 0.66 1 15 2 3 0.33 0.5 0.66 1 15 2 3

f(RH=85%)_, /{(RH=85%) f(RH=85%) __/f(RH=85%)

red. meas. pred. meas.

Fig. 6. Probability density function (PDF) of predicted to measuyd®H = 85 %, 550 nm) of the individual closure studies, which were
characterized by their own specific settings (see texirpma denotes the hygroscopic growth factor measured by the H-TDMA, while
gaMms is the calculated value from the chemical composition measurement of AMS and aethalometer or MAAP insy(Vagie/ Viot)
shows the result for a site-specific parameterization derived for Ny-Alesund (NYAisger et al. 2010, while g(Vaps/ Viot. Vaps/ Viot)

is a site-specific parameterization for Cabauw (CAB;Zeger et al.2011). maps denotes the particles’ complex refractive index derived
from AMS and MAAP or aethalometer measurements. CM denotes the coarse mode.

publications mentioned in Tabl&). However, the focus is 1.114+0.12, and 111+ 0.14, respectively), showing that a
here set onf(RH) our main observational quantity which is mean chemical composition is sufficient to predig¢RH).
an intensive parameter. This result is in accordance with findings &diranyi et al.

At JFJ, the best closure was achieved if the measured2010 who showed that for a prediction of the cloud conden-
size distribution, the chemical composition (refractive index) sation nuclei (CCN) number concentration at JFJ, using mea-
and the hygroscopic growth factor (calculated from AMS sured size distribution and hygroscopicity measurements (H-
plus aethalometer measurements, or measured by H-TDMATDMA), and a mean submicron chemical composition is suf-
were used in the Mie model (mean rattostandard devia- ficient. Nessler et al(20053 proposed a simplified scheme
tion: 1.08+0.13 usinggams and 107+0.12 usinggHTpmA )- to predict f(RH) for the summer and winter periods sep-
The slightly higher predicted values were probably due toarately, using the measured Angstrém exponent of the dry
calibration issues of the RH sensor inside the WetNephscattering coefficient. A slight overestimation with a broader
Keeping the chemical composition (refractive index and hy-distribution of the PDF of the predicted to measured value
groscopic growth) or the size distribution shape, or both con-of f(RH=85%) is observed due to the simplifications in
stant still delivered reasonable prediction result8§1+0.14, this model (107+0.27, see orange curve in Fi§a). This
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model is based on the fact that the aerosol coarse mode &tg. 6d (blue curve) using the growth facte(RH) of the H-
JFJ consists mainly of non-hygroscopic mineral dust whichTDMA is shifted towards an underestimation of the predicted
is characterized by low Angstrém exponents, in contrast tof (RH= 85 %), with a mean ratio and standard deviation of
the other four sites where the coarse mode was mainly at9.914+0.09. A proposed parameterizationg{RH) using the
tributed to sea salt. However, a full seasonal comparison otoarse mode volume fraction and black carbon (BC) volume
the model byNessler et al(20053 would be desirable. fraction improved the agreement with the measured values

At NYA, the measured values of(RH=385%) were in  (with 1.00+0.12; see green curve in Fi§d). An increased
general higher than those measured at other sites (se#) Fig. BC volume fraction will tend to decreaggRH), while an
The full chemical composition and the hygroscopic growth increased coarse mode volume fraction is a sign of more sea
were not measured directly. Nevertheless, the hygroscopisalt contribution, which will increasg(RH). Both volume
growth was retrieved from the measured size distributionfractions are continuously measured by an OPSS, SMPS and
and the wet and dry scattering properties using Mie the-MAAP at that site (see Se@&.2). Together with the measured
ory and by assuming internally mixed spherical particlessize distributions and an assumption on the refractive index,
with a fixed refractive index (ammonium sulfate). The hy- the f(RH) can then be estimated (for more details Zieger
groscopic growth factor, one input of the Mie calculations, et al, 2011). Assuming a constant value gfRH), which can
was varied until it matched the measurg(RH) values (see be done, e.g., for JFJ and NYA, gives a less precise predic-
Zieger et al. 201Q for more details). The refractive index tion at CAB, as can be seen in Figd (orange curve with a
was found to be of minor influence in thgRH)-retrieval;  mean ratio of 2+ 0.15).
a relative change of 10% only caused a relative difference Closure was also achieved at MEL (F&g). Good results
of less than 5% in the retrieveg{RH)-values. As summa- were achieved if the refractive index and growth factor were
rized in Fig. 6b, a mean hygroscopicity (using a growth derived from the AMS (plus MAAP) measurements, or if the
factor of g(RH=85%)=1.6) is also sufficient to predict growth factor was taken from the H-TDMA measurement
f(RH=85%) at NYA (mean ratio: standard deviation: and the refractive index was derived from AMS and MAAP
1.07+0.2), although with a higher uncertainty than that at (mean ratiot standard deviation:.28+0.22 and 101+0.18,
JFJ. Although a meag(RH) was relatively sufficient for the respectively). Both instruments were operated successfully
prediction, it can also lead to large uncertainties in the pre-during the entire campaign, while the H-TDMA was only
dicted f (RH), as can be seen in Figh, where the upper and available for part of the time. A meayf{RH=90%)=1.53
lower bound of the retrieved(RH) was used as a constant was found to be sufficient for the prediction at MEL, al-
value for the entire time series.{B+0.41 and 064+ 0.11, beit with exceptions, especially during transported sea salt
respectively). A parameterization g{RH) using the mea- and high anthropogenic pollution events. In addition, the
sured volume coarse mode fraction (discussetiéger etal.  coarse mode composition was varied for the calculation; if
(2010), brought only a slight improvement. 5+ 0.19). a very hygroscopic coarse mode of NaCl was assumed, the

At MHD (Fig. 6¢), the calculations were performed as- f(RH) was clearly overpredicted @0+ 0.25), while an as-
suming a different refractive index for the polluted (higher sumed dust coarse mode clearly lead to a good agreement
imaginary part) and clean sectdfi¢rz-Schmidhauser et al.  (1.02+0.22).
20108. The g(RH) of the H-TDMA was only available at Generally, all measurements ¢{RH) were predicted on
Dgry =165nm. The closure was achieved for both casesaverage within 10 %, with changing variability among the
(mean+ standard deviation for all cases0Z+ 0.18; pol- different sites and assumptions, if the hygroscopic growth
luted cases: .00+ 0.20; clean cases:. 10+ 0.16). For the  factor was measured (or for NYA assumed) correctly. A table
clean case, the agreement was slightly worse; this was asummarizing the mean and the standard deviation of the pre-
tributed to the assumption of the refractive index and prob-dicted and measurefl(RH =85 %), plus the mean ratio of
lems with combining the size distribution measurements ofpredicted to measured value can be found in the Supplement.
coarse and fine mode, which showed discrepancies wheA general uncertainty analysis for the closure studies was
comparing the surface size distribution. performed using the Monte Carlo Method accordinghte

For CAB, the situation is more complex, because thederson(1976. It was found that the relative error in the cal-
aerosol origin showed larger fluctuations (see trajectoriexulated f(RH) increased for larger hygroscopic growth fac-
in Fig. 3). Besides the continental and urban influence, thetors, but was always smaller than 15-25 %, despite the high
nearby marine environment also contributed to the aerosolincertainties assumed, e.g., for the refractive index. More de-
composition. As described idieger et al.(2011), the mea- tails can be found in AppendiX.
sured hygroscopic growth factor is limited to smaller size In summary, both size and chemical composition mat-
ranges, from a dry diameter of 35 nm (at CAB), to the largesttered when determining’(RH); this is schematically de-
dry diameter of 165nm. The larger particles (those abovepicted in Fig.7. For the aerosol discussed here, the rel-
165 nm) were therefore missed by the H-TDMA. Since largerative contributions of the fine mode and the coarse mode
particles can consist of highly hygroscopic sea salt particlesand the specific chemical composition were important. At
the ratio of predicted to measured valueg@RH = 85 %) in JFJ, the coarse mode was mainly attributed to long-range
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The following parameters were varied:

Modal sizes and relative amounts of ...

— Fine mode diameter{"

— Coarse mode number fraction
(CMfrac= Ncm/(Nem + Newm))

— Fine mode hygroscopicityfm, see Eq3)

Surface size distribution

Fine mode Coarse mode

— Coarse mode hygroscopicitydm)

Particle
diameter

— Standard deviation of fine mode)

BC or organics Inorganic salts  Sea salt Mineral dust — Imaginary part of refractive indexfmag)

! | ! :

very low to low f(RH) high f(RH) high f(RH) very low f(RH)

The coarse mode diameter was assumed to be constant at
D =2 pm. The real part of the refractive index was assumed
Fig. 7. Schematic overview of the factors influencing the scatteringt0 be@m = 1.54, when the calculations were performed for
enhancemenf (RH). The size and the relative contributions of the A =550 nm and RH=85 %.
different modes with their distinct chemical composition (governing ~ The result for a constant refractive index £ 1.54) and
the hygroscopic growth and refractive index) all influeng®H). a standard deviation of = 1.8 for coarse and fine mode
This also includes the compensating effects of size and chemicals shown in Table3 for four different coarse mode num-
composition. ber fractions (CM frae= 0.02, 0.01, 0.00001, 0) and alter-

natively for a very hygroscopiccem = 1, e.g. sea salt) or
L non-hygroscopicdcm = 0, e.g. mineral dust) coarse mode.
transported non-hygroscopic mineral dust, whereas at NYAThe hygroscopicity of the fine mode is also variegi = O,

MEL, MHD, and CAB, the coarse mode was mainly domi- 55 75 1) The figures of the entire sensitivity study can
nated by hygroscopic seas salt. Sea salt was never observ%% found in the Supplement.

at JFJ, which also explains the absence of hysteresis effects 1,4 strong influence of small amounts of coarse mode par-
(which were occasionally observed at all other sites). Theyjas on the overallf (RH) can be seen. Coarse mode par-
fine mod_e_was dominated by_organic substances With Io_w hy'ticles can suppresg(RH) in case of dust particles, or en-
groscopicity, non-hygroscopic BC, or by hygroscopic inor- panee the overalf(RH) in case of very hygroscopic parti-
ganic salts. As seen in Fig, the interaction between size and cles (e.g. pure NaCl). The mode diameter of the fine mode

hygroscopicity can lead to compensation effectsﬁ(jRH)., (in Table3, exemplary at 50, 100 and 250 nm) determines if
as observed at NYA, where smaller and less hygroscopic par

; X the mode is moving into the optically relevant size range at
ticles had the same magnitude 6(RH) as larger and more  oanced RH (here 85 %). This separate growth into the op-
hygroscopic particlesZjeger et al.2010.

tical active size range also explains the wave-like structures
seen in Figs. S1 and S2 of the Supplement. With the com-
plete absence of coarse mode particles ftfieH) values can

reach high values similar to those seen in the calculation of

To show the difficulty in retrieving a simple analytical the€ monodisperse substances shown in Zig. o
method for an accuratef (RH)-prediction, we have per-  1he dependence of (RH) on the standard deviation of
formed a sensitivity study by varying the main input pa- the fine mode «) and. the imaginary part has been investi-
rameters of the Mie calculations in the typically encounteredd@ted as well (see Fig. S2 in the Supplement). The depen-
ranges. A bimodal lognormal size distribution was assumed d€nce off (RH) on a varying> or imaginary part ofn is less

pronounced than the parameters discussed above. The strong

dN; (D) N; 1 (IogD—IogDmodi>2 @ influence of the coarse mode number fraction is seen in a
= exp| = ———MMMM ,

dlogD /27 logo; logo;

6.3 Can a simple analytical method be established for
the f(RH)-prediction?

2 similar way as in Tabl&.
This exercise demonstrates a high dependency(BH)
whereD denotes the diameteDmoq; is the mode diameter,
N; is the total particle number density, andis the standard

deviation of the distribution of modig(with i = 1 as the fine
mode (FM) and = 2 as the coarse mode (CM)).

Atmos. Chem. Phys., 13, 106090631 2013

on the different size and hygroscopicity parameters. It also
shows that a simple analytical method of determinii{gH)

for all important aerosol types cannot be created without
knowledge of further constraints like the mean fine mode
diameter, or the composition of the coarse mode. For sites
with low variation of the aerosol microphysical properties, a
site-specific proxy can be used to predf@RH); the same
proxy would fail for another site. As an example, at JFJ,
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Table 3. The scattering enhancemeffRH) at RH= 85 % and. = 550 nm modeled for different fine mode diametdbg(;) and fine mode
hygroscopicities{gy). The coarse mode was assumed to consist of non-hygroscopic matefjg(0, e.g., dust, middle column) or of

very hygroscopic materiakgy = 1, e.g., sea salt, right column). CM frac denotes the coarse mode number fraction. The refractive index
was assumed to be constant with= 1.54. See text for more details.

f(RH=85%,550 nm) with f(RH=85%,550 nm) with

kcm = 0 and CM frac= kcm = 1 and CM frac=

DEM  KEM 0.02 001 10° 0 0.02 001 105 0O

50 0 1 1 1 1 338 337 1.35 1
50 0.25 1 101 213 233 338 338 249 233
50 05 1.01 1.02 3.48 3.92 338 339 384 392
50 1 1.02 104 662 7.6 34 341 697 7.6
100 0 1 1 1 1 326 3.15 1.02 1
100 0.25 105 1.1 199 2 331 325 201 2
100 05 1.11 121 3.05 3.07 337 335 307 3.07
100 1 1.22 143 523 527 348 357 525 5.27
250 0 1 1 1 1 221 1.81 1 1
250 0.25 139 152 179 1.79 26 233 179 1.79
250 0.5 1.72 198 248 2.48 2.94 278 248 248
250 1 23 275 364 3.64 351 356 364 364

the Angstrém exponent of particle scattering coefficient (ascombines all aerosol particles that originate in gas to parti-
a proxy for the mean size) can be used to estimEReH) cle conversion (including various kinds of sulfates, nitrates,
(Nessler et a).20053. This proxy is only applicable be- and also organic substances), while itelublecomponent
cause the coarse mode at JFJ predominantly consists of (nodescribes soil particles that also contain organic compounds,
hygroscopic) mineral dust. The same proxy would fail for but do not experience hygroscopic growth. Hoetcompo-
sites with sea salt influence, where the coarse mode wouldient describes the absorbing black carbon. §¢eesaltcom-

be dominated by hygroscopic substances. A reliable predicponents are given for the accumulation (100am <1 pm)

tion of f(RH) will therefore always need a full determination and the coarself > 1 um) mode separately and both are de-
of the particle number distribution (fine and coarse mode)pendent on RH. To describe desert aerosols that originated
and information on the hygroscopicity and/or main chemicalin the desert, differentineral components are provided.

composition. A specialmineral-transporteccomponent is used to describe
long-range transported mineral dust. Thefatecomponent
6.4 Comparison to OPAC is mainly used to describe the high-sulfate containing Antarc-

tic aerosol, and is also used to model the stratospheric back-
The measured scattering enhancement factors were conground aerosol. It is composed of 75%%$0, and is able to
pared to the database OPAC (optical properties of aerosol anghke up water, and therefore depends on RH.
clouds) byHess et al(1999. OPAC is a popular database on  Besides the wavelength dependent refractive index, the
aerosol and cloud optical properties that is widely used by thenumber size distribution of each component is provided as
scientific community since it provides a comprehensive set g lognormal size distribution (see EG). The size param-
of microphysical and optical data of aerosols and clouds. Ilteters and refractive indexes are provided for eight different
is closely linked to the Global Aerosol Data Set (GADS) by RHs (0%, 50 %, 70 %, 80 %, 90 %, 95 %, 98 %, and 99 %)
Kopke et al(1997). The data are stored as components thatfor the RH-dependent components. The OPAC components
are meant to be representative for a certain origiess etal.  can be externally mixed (using the number mixing ratio of
1998. All components represent average conditions and thesach component) to different aerosol typdsss et al(1999

authors clearly state that the given values may not necessafropose aerosol types (ready mixtures) as examples of those
ily be valid for actual conditions. Nevertheless, a comparisontypically found in the atmosphere.

between the measurements performed here and OPAC is un- The strength of OPAC is the option it gives to individ-
dertaken as a first step in improving future versions of OPAC.yally compose aerosol types (using the number mixing ra-
The main OPAC aerosol components will be briefly de- tio, as mentioned above). Therefore, our measurements will
scribed here in the following. Theater-solublecomponent  also be compared to individually mixed aerosol types in ad-
dition to the aerosol examples that are proposed in OPAC.

LISI Web of Knowledgésts over 880 citations (last access: 8 These mixtures were calculated when full size distribution
March 2013).
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Fig. 8. Example humidograms from the investigated sites (gray bullets) compared to OPAC aerosol examplesH@snednal (1998

(colored bullet lines). The cyan bullets (OPAC mix) denote the OPAC result if the individual OPAC components are weighted with the
measured size distribution. The magenta line shows the calculated humidogram using the measured size distribution, the (partially) measuret
chemical composition, the hygroscopicity parameteand Mie calculations if the measurements were available (see text for details).

measurements were available at the same time. The numbeentration of the sea salt (acc. mode) component. For CAB,
mixing ratio n; for each component was calculated as fol- the mixture was composed with the soot, the water-soluble,

lows: and the two sea salt components. For NYA, the water-soluble
and the two sea salt components were chosen, while for JFJ
N; D’*made(D) only the water-soluble and the _mineral-transported compo-
n; = = dloah dlogD /Ntot, (8) nents were used for the calculation 6fRH).
Niot Dy min °g Figures8 and9 show example humidograms recorded at

the five sites (grey points) compared to the OPAC exam-
where N; is the number concentration betwe®nmin and ple aerosol types that would have been expected to be ob-
D; max Which is determined by taking the middle value»f  served at the specific site. The individually mixed OPAC re-
between the individual mode diameters of two neighboringsults are shown (calle@PAC mixin Figs.8 and9) for time
components, andlq is the total number concentration. For periods when corresponding size distribution measurements
a mixture of water-soluble and sea salt (acc. mode) compowere available. For the same periods, the result of the Mie
nents, for example, the size distribution would be integratedmodel calculations has been added (magenta line in Bigs.
from 0 to 187.8 nm to calculate the apparent number concenand 9), which used the measured (or for NYA retrieved)
tration of the water-soluble component and from 187.8 nm«-value (see Eq3) and the measured particle number size
to the end of the measured distribution for the number con-distribution as input. Humidograms without a magenta curve
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Fig. 9. Same as FigB, but for the other sites.

(in Figs.8 and9) therefore had no parallel hygroscopicity or ~ The overestimation by OPAC could be explained by:
particle number size distribution measurements. a. the implemented hygroscopic growth
In general, Figs8 and9 reveal that the calculated values
using the OPAC input data, which are only given for eight  b. the fixed size distribution modes
discrete RH values, are clearly higher than the measured val- Lo
ues of f(RH) for all five sites; the one exception is the Sa- ¢. the used refractive indices
haran dust event at JFJ, which is well described by OPACOf the individual components. The influence of the refractive
(see Fig9i). OPAC is not able to describe hysteresis effectsindex cannot be checked due to missing chemical composi-
observed, e.g. for clean maritime air (See [gg_and g) and tion measurements, while the influence of the implemented
only refers to the deliquesced state (as doestkquation).  Size distributions and the hygroscopic growth can be tested
The shape also significantly differs from the measure-against the measurements when they are available (see be-
ments, especially for low and medium values of RH. Taking [ow).
the measured number size distribution with re-mixed OPAC The water-soluble and soot components are the two main
components does not improve the agreement Significantiy(,lomponents that describe the fine mode in OPAC besides sea
except in the case of CAB maritime slightly polluted air salt (acc. mode). The OPAC aerosol type surface size distri-
masses (Figgd). The calculatedf(RH) curve using the mea-  butions are compared to the measured ones inlBay-f. The
sured (or retrieveda-vaiue seemsto perform well, indicating number size distributions have been transferred to (normal-
that thex-equation (Eq3) is suitable to describe the curva- ized) surface size distributions, since they are a better repre-

ture of f(RH) in combination with Mie calculations. sentation of the optically relevant size ranges. For the pro-
posed aerosol type examples, the surface size distributions
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Fig. 10. (a—f)Normalized surface size distributions (black line) measured during the humidograph mode periods as showB anBis.
normalized surface size distributions from the OPAC aerosol type examples (colored lines), and the OPAC size distributions if the individual
components are weighted with the measured number size distribution (magenta line). Note that the OPAC components have a fixed mode
diameter and therefore the OPAC individually mixed size distributions do not match the measured distribution in all cases.

are mainly shifted to smaller diameters and are also characa major reason of the found differences. In addition, Ei.
terized by larger mode standard deviations compared to thehows thegz(RH) calculated using the-equation (see E).
measured distributions. The concentration (or particle surfor the sea salt componergéRH=90%)= 2.1 was taken
face) is different than the measurements as well. Mixing thefrom Swietlicki et al.(2008 for highly hygroscopic marine
components according to the measured number size distribuaerosol. For the water-soluble component a mean value of
tion (using Eq. 8), as described above) does not improve the g(RH=90 %)= 1.48 measured by the H-TDMA during the
comparison, since the fixed distribution modes and standar€abauw campaign was taken, while, for the sulfate droplets,
deviations make accurate mixing difficult (see magenta lineg(RH=90 %)= 2.05 was taken frorfopping et al.(2005.
in Fig. 10a—f). The implemented hygroscopic growth in OPAC does not cor-
According toHess et al(1998, the hygroscopic growth respond with the course gf{RH) if the k-equation is taken
factor g(RH) in OPAC is based on the work ¢fanel and  into account. Especially for low RH{ 80 %) the OPAC val-
Zankl (1979 and is shown in Figll for the four RH-  ues are clearly above thecurve, while for higher RH the
dependent OPAC components (red bullets). However, theyagreement seems to be better. As shown in the example hu-
differ from the original data ofHanel and Zankl(1979 midograms (see Fig8.and9), thex-equation is a good ap-
(R. Dlugi, personal communication, 2013, which are shownproximation of the hygroscopic growth in terms ¢{RH)
as blue crosses in Fig.1). Therefore, an erroneous imple- at different RH in combination with the measured size dis-
mentation of the hygroscopic growth within OPAC could be tribution, an appropriate refractive index, and Mie theory.

Atmos. Chem. Phys., 13, 10609:0631 2013 www.atmos-chem-phys.net/13/10609/2013/



P. Zieger et al.: Effects of relative humidity on aerosol light scattering

10625

Table 4.Original and modified hygroscopic growth facigiRH) of the RH-dependent OPAC componentg$s et al.1998. The modified
values ofg(RH) for the sea salt component were taken fidwietlicki et al.(2008, those for the water soluble froiieger et al(2011) and
those for the sulfate component frofopping et al(2005. The modified values were calculated for the corresponding relative humidities

(RH) using Eq. 8). See text and FigL1 for more details.

Sea salt (coa. mode)

Sea salt (acc. mode)

Water soluble Sulfate droplets

RH (%) Original Modified Original Modified Original Modified Original Modified
50 1.61 1.24 1.61 1.24 1.24 1.08 141 1.22
70 1.81 1.46 1.81 1.46 1.34 1.17 157 1.42
80 1.99 1.67 1.99 1.67 1.44 1.26 1.70 1.62
90 2.39 2.10 2.38 2.10 1.64 1.48 1.94 2.02
95 2.92 2.64 2.89 2.64 1.88 1.79 2.27 2.53
98 3.91 3.58 3.83 3.58 2.25 2.36 2.81 3.43
99 491 451 4.76 451 2.52 2.95 3.32 4.32

However, it is not suitable to describe the hysteresis effecfication of the aerosol at CAB when only four main compo-

of aerosol humidification.

nents are assumed. As a first step in improving the OPAC

To further investigate the influence of the hygroscopic components, we propose using the modifig®H)-values
growth as implemented in OPAC, the hygroscopic growth of (see Tablet). Equations %) and @) can then be used to ob-
the water-soluble and sea salt (acc. and coarse mode) waain the wet size distribution and wet refractive index to-
modified and tested against measurements at CAB, whergether with the original OPAC component values given at
the most reliableg(RH) measurements were obtained. For RH=0%. Values at other RH values can be calculated us-
the modification part, the hygroscopic growth of the water-ing Eq. @). This has to be followed by a re-calculation of
soluble and the sea salt (acc. and coarse mode) componerttse optical properties, e.g., by using Mie theaoBplren and

was changed. The megfRH = 90 %)= 1.48 measured dur-
ing the CAB campaign at 165 nm was taken for the water-
soluble component, angRH=90%)=2.1 was taken for
the two sea salt components froBwietlicki et al. (2008.
The k-equation was again used to calculg{®H) at differ-

ent RH values (see violet curve in Fitjla—c for the applied
growth factors). The original and modifiggRH)-values are
shown in Tabled for the relative humidities used in OPAC.
The time period of the closure study during the CAB cam-
paign was chosen (4-18 July 2009), which is considered to
be the most complete time series covering a wide range of
different aerosol types, ranging from continental to maritime
aerosol types. The number mixing ratios (or number concen-
trations) of both modes were again calculated using &q. (
The soot, water-soluble, and sea salt (acc. mode and coarse
mode) components were found to be the most dominant com-
ponents during the period of the CAB closure study.

Taking the original components soot, water-soluble, and
sea salt (acc. and coarse mode), OPAC overestinfdfed)
especially for the low and medium RH values (as already
seen in the example humidograms in Fi§sand9 and as
shown in Fig.12a, where the ratio of calculated to mea-
sured value is seen for the above-mentioned closure period
at CAB). It improves for higher RH, but the ratio is still
above 1 at 90% RH. Modifying the water-soluble and sea
salt (acc. and coarse mode) components with hygroscopic
growth factors based on the current literature leads to an im-
proved agreement between calculated and obsef{BdH)

(see Fig12b). The remaining discrepancy is probably caused
by the fixed distribution modes and in general by the simpli-

www.atmos-chem-phys.net/13/10609/2013/

Huffman, 2004).

7 Recommendations

The following recommendations concerning a precise mea-
surement and prediction gf(RH) can be derived from this
study:

— For a precise measurement ¢{RH), a humidified

nephelometer should be used. Standard nephelometer
truncation and illumination correction should be ap-
plied (Anderson et a).1996. Of crucial importance

are a good temperature control and knowledge of the
exact RH inside the nephelometer cell. The RH sensors
and the entire system should therefore be calibrated us-
ing standard salt solutions and monodisperse salt mea-
surements and Mie theor¥igrz-Schmidhauser et al.
20109.

If no direct measurements of (RH) are available,
f(RH) can be approximated using the measured par-
ticle number size distribution, the hygroscopic growth
factor and chemical composition measurements and
Mie theory. Thex-equation (Eq.3) should be used

to describe the RH dependency gdRH) for the del-
iquescent aerosol (for the RH range of 50 to 95 %).
However, the user should be aware that the hy-
groscopic growth measurements with a standard H-
TDMA may miss the important coarse mode con-
tribution to f(RH) and therefore may under- or

Atmos. Chem. Phys., 13, 1060831 2013
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Fig. 11. Hygroscopic growth factog(RH) as implemented for the four hygroscopic OPAC compongajsSea salt (accumulation mode),

(b) sea salt (coarse modég) water-soluble(d) sulfate droplets (used to model Antarctic and stratospheric background aerosol). The mode
diameter (red curve) growth factors used for the individual lognormal size distributions are shown. The violet curve denotes the hygroscopic
growth factor as calculated using valuesgdRH) from the literature and the-equation (see text for details). The blue crosses show the
original g(RH) from Hénel and Zank{1979.
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Fig. 12.Box plots of the ratio of calculated to measurg@RH) (at 550 nm) for the RH values of 50, 70, 80, and 90 % (OPAC values and range

of measurements) for Cabauw (4-18 July 2009). The central red mark is the median, the edges of the box are the 25th and 75th percentiles
the error bars show the extent of the most extreme data points that are not considered outliers, while the outliers are plotted individually
(red crosses)a) f(RH) calculated using the original OPAC components weighted with the measured size distrifm)tioRH) calculated

using the modified OPAC components (changed hygroscopic growth) weighted with the measured size distribution.
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overestimate the overaff(RH) (see Table but also 30 o All varied
Fig. 6 inZieger et al,2011). »l | —e—gﬁmgﬂjgried

m___ varied
real

— The humidograph mode should be used to identify hys-
teresis behavior and thus can be used to further identifys

20l | —e— m‘mag varied

CM number frac=

. L = ° 0
air mass origin (e.g. sea salt). T 15 0 00005
R 0.005
— Optical closure studies should be performed to identify  1°f ~ O o002

measurement errors and possible model weaknesses
and to constrain the obtained measurement results.

v og5h

— The components of hygroscopic growth within the
OPAC (Hess et al.1998 should be replaced by val-
ues from the current literature (see Ta#l)e The RH Fig. Al. Relative errorA f(RH) of the calculated scattering en-
dependency of (RH) can be approximated for the up- hancement using Monte Carlo simulation. The simulations were

per branch using the-equation (Eg3). performed for different hygroscopic growth factgRH) (x axis)
and coarse mode number (CM) fractions (circle size). The simula-

tions were repeated while keeping one of the individual input pa-
8 Conclusions rameters constant (see legend).

The effect of hygroscopic growth on aerosol particle light

scattering has been investigated at five European sites ugtood prediction off (RH) possible, if no explicit humidified

ing measurements and model calculations. Each site hasephelometer measurements are available. A comparison to
been chosen because it is representative for certain aerostile OPAC data setHess et al. 1998 showed a systematic
types. A high spatial and temporal variability 6{RH) has  overprediction off (RH), especially at intermediate RH. The
been observed throughout Europe, starting from low val-bias can be reduced if the implemented hygroscopic growth
ues for long-range transported mineral dust to intermedi-within OPAC is replaced by values in the current literature
ate values for continental aerosol to high values for pris-given here.

tine maritime or Arctic aerosol. Hysteresis was observed

when pure sea salt was present. Compensating effects be-

tween size and hygroscopicity were observed in the Arctic.Appendix A

The variability and complexity of aerosol composition in-

creased from remote sites to urban and continental sites, andiodel uncertainty analysis

therefore the number of known parameters needed to pre-

dict f(RH) increased concurrently. Free tropospheric aerosoA general uncertainty analysis of the predicted or calcu-
found, e.g., at the Jungfraujoch, can be simply parameterlated value off (RH) was performed using the Monte Carlo
ized using the Angstrém exponeritigssler et a).2005h). Method @nderson 1976. Here, the error propagation is
This rather simplistic approach can only be taken at this sitedone by repeated Mie calculations; for each calculation, the
due to that fact that increased coarse mode fractions (lownput parameters are varied randomly. 10 000 iterations were
Angstrém exponents) at the Jungfraujoch will most likely made, although the results were already converged at less
be a proxy for more mineral dust with reduced hygroscop-iterations (approx. 500). The calculations were made for
icity and will therefore result in a lowef (RH). For the other 1 =550 nm. For the hygroscopic growth factor (H-TDMA)
sites, an enlarged coarse mode points to an enlarged sea sahd the fine mode particle number size distribution (SMPS or
contribution, which, in contrast to mineral dust, is highly hy- DMPSS) the error from the individual instrument was taken,
groscopic. Therefore, a simple proxy (like the Angstrém ex-while for the coarse mode particle number size distribution
ponent as a proxy for size) alone cannot be used to predicfOPSS) and refractive index (AMS, MAAP or aethalome-
f(RH) for other sites. Instead, information on the full size ter) assumptions about the uncertainty had to be made (see
distribution is needed. For example, for the Arctic aerosolbelow). To test the sensitivity of the various input parame-
found in summer and fall in Ny-Alesund in the Arctic, a sin- ters, the Monte Carlo simulations were repeated each time,
gle hygroscopicity £-value) and measured size distribution varying only one input parameter and keeping the other val-
together with a Mie model were found to be sufficient to cal- ues and their mean value constant. In addition, the simu-
culate the ambient value of the scattering coefficient. Thelations were repeated for different hygroscopic growth fac-
high variability of aerosol composition and size at Cabauwtors (between 1 and 2) and coarse mode number fractions.
made a precise prediction of the scattering enhancement difFor the hygroscopic growth factor, a normal error distribu-
ficult. Here, only measurements of the full size distribution tion with a standard deviation of 0.05 was assum@ai{

and the full size resolved chemical composition will make a etlicki et al, 2008. A bimodal size distribution was assumed
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with Ngpm = 10000 andNgy = 200, 100, 50, 1 and 0 and coarse mode number fraction because the wet scattering co-
Dmd =100nm andDr%'g"d = 1um (with FM: fine mode and efficient increases more for pure, fine particles (those with a
CM: coarse mode, see Ef). The standard deviation of the larger f(RH)) compared to an aerosol with an existing coarse
mode was chosen to ke= 2 and assumed not to influence mode. However, a non-existing or a negligible coarse mode
the error in f(RH), since it would be included in the sys- number fraction is probably not relevant for the ambient (tro-
tematic error of the diameter sizing. F&f we assumed an pospheric) atmosphere and was also not observed in the stud-
error of 30 % for the fine (SMPS and DMPSS) and 10 % for ies presented here.

the coarse mode (OPSS and APS), while o4, We as- The relative error in the calculatedf (RH) decreases be-
sumed a 10 % uncertainty for the fine mode and 20 % forlow 20% if a normally distributed uncertainty of the re-
the coarse mode (assuming a normal error distribution withfractive index of 15+ 0.1 (mean+ standard deviation) for

the relative uncertainties recalculated to standard deviations}the real part and.02+ 0.002 for the imaginary part are as-
These uncertainties for the fine mode particles measured bgumed for the refractive index uncertainty, which could be a
the SMPS or DMPSS lie within the findings\8fiedensohler  more realistic assumption of the refractive index uncertainty
et al. (2012, while the uncertainties in the coarse mode siz- than the rectangular distribution as used above. By contrast,
ing are assumptions based on our own measurements using f (RH) can rise up to 35 % if the uncertainty gfRH) is as-

the OPSSBukowiecki et al, 2017 and findings in the liter-  sumed to be 10 %, while the other input parameters have the
ature for the APSNlarshall et al.1991; Putaud et a).2000. same uncertainty as described above (both uncertainties re-
However, it will be shown that the uncertainties within the fer to size distributions without coarse mode). This is a more
absolute size distribution measurements are systematic umeasonable uncertainty assumption for the cases in which the
certainties and eventually cancel out when calculating theg(RH) is predicted from AMS and MAAP, or for aethalome-
ratio of f(RH). The error of the refractive index cannot be ter measurements for cases without very strong sea salt, dust
accurately derived, so we have assumed a uniform (rectangwr BC influence Gysel et al, 2007).

lar) distributed refractive index. The real part was randomly

chosen from 1.4 to 1.8, and the imaginary part was chosen

from 0 to 0.1. Both ranges cover the observations, e.g., of th&Supplementary material related to this article is

inversely calculated values at Cabautieger et al. 2011), available online athttp://www.atmos-chem-phys.net/13/

or the values given itess et al(1998. Having an upper 10609/2013/acp-13-10609-2013-supplement.pdf

limit of 0.1 for the imaginary part is justified in our study

because no pure absorbing substances were observed at the

sites. The result is depicted in Figl as the relative error

A f(RH), which is calculated from the standard deviation di-

vided by the mean value, for differegfRH) values and dif-  AcknowledgementsiVe thank all collaborators and co-authors of
ferent coarse mode fractions. The overall relative uncertaintyhe related individual studies. Ralph Dlugi is acknowledged for
within the calculatedf (RH) is clearly below 15—25 %, which providing the original data frorilanel and Zank{1979. We thank
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ing coefficient (in the enumerator in EQ)J and its high un- )

certainty stays unchanged, and thus the overall uncertaintfFdited by: A. Petzold

in f(RH) increases. The contribution of the real and imagi-
nary parts to the relative error also increases witRH) as
can be seen by the cyan and violet curves in Rity. while
the contribution of the unf:ertalnty IQ(R.H) |t§elf co_ncur- Anderson, G.: Error propagation by the Monte Carlo method in
rently decreases. The patrticle numbgr size distribution shows geochemical calculations, Geochim. Cosmochim. Ac., 40, 1533—
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